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Abstract

Due to the different thermal expansion of the constituent materials, cyclic thermal
loading of FRP induces alternating stresses in the material at two scales: at the micro
scale (level of fibre—matrix-interaction) and at the macro scale (level of the
multidirectional laminate). Especially the micro scale effect is not comprehensively
investigated yet. Additionally, computational investigations mostly neglect this effect
due to the homogenous modelling of the composite material. As this effect is assumed
to significantly contribute to the fatigue of FRP at thermal loads, the present paper
suggests an experimental and numerical multiscale approach including experiments at
the different involved material scales to separately observe the effects acting at these
scales. The approach also includes numerical modelling for each scale to complement
the knowledge gained from the experiments and to create a basis for the consideration
of the micro effect even in macroscopic fatigue models treating homogeneous
modelled composites. The main focus of the contribution is to bring the overall

approach up for discussion, rather than to present the multiscale modelling details.
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1. Introduction

Due to their superior mechanical properties in conjunction with their low density
fibre reinforced plastics (FRP) are increasingly used as a material for various
lightweight constructions. For example, focussing on alternative fuel concepts in the
automotive industry, hydrogen storage tanks made of carbon fibre reinforced plastics
(CFRP) are discussed [1]. Pressure vessels storing cryo-compressed hydrogen (CcH2)
are exposed to not only mechanical loads due to the internal pressure of 350 MPa, but
are also thermally loaded due to the cold hydrogen (33.15 K). As the process of
refuelling and discharge is repeated during the operational life, the material is exposed
to cyclical thermal and mechanical loading. Assuming an average use of 15 years, the
pressure vessel has to sustain about 1000 of these thermo-mechanical load cycles [1].
Other examples for structural elements which are cyclically thermal loaded are
satellites which are exposed to varying solar radiation. And for off-shore civil
engineering and for aerospace applications the influence of freeze-thaw cycles on the
mechanical performance is investigated [2][3].

In FRP, cyclically thermal loads induce alternating stresses at different scales [4]
(ref. Figure 1). At the fibre-matrix-scale (micro level) stresses are induced in the
fibres, matrix and in the fibre-matrix-interface due to the different thermal expansion
of fibre and matrix. These differences between the composite constituents yield to an
anisotropic thermal expansion behaviour of a unidirectional (UD) composite ply. In
thermally loaded multidirectional (MD) laminates (macro level), made of several UD
plies with different fibre orientation, this leads to thermally induced stresses inside the
single plies and in the interfaces between the plies. As for mechanical cyclic loads
[5][6], the damage initiation at thermal cycling is observed at the fibre-matrix-
interface [7][8][9]. Microscopic techniques are used to observe the initiation and
growth of these debondings. But investigations beyond microscopy for investigating
the interface, for example single fibre-pull-out tests [9][11][17][18] after thermal
cycling, are not yet present in the literature. The most experimentally investigations
on the fatigue of FRP at thermal loads focus on MD laminates [7][8][19][20][21] in
which the influence of the micro and macro effect cannot be separated. Only few

researchers investigate UD laminates and the micro level effect [22][23][24][26][29].
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The findings of these works partly diverge and are incomplete. E.g., often only
individual material parameters are measured after thermal cycling. Preliminary the
properties in fibre direction are investigated and no significant degradation of these
properties is observed [24][26]. Only a few researches examine matrix dominated
properties, which are limited to bending and transverse tension properties [24][29].
The current findings of research cannot explain the fundamental issues of the
influence of thermal cycling on the mechanical properties. Therefore a comprehensive
mechanical material characterisation is required after cyclical thermal conditioning.
An attempt in this direction is part of the presented research program and is published
by the authors [30]. Computational investigations - using analytical models or Finite
Element Method (FEM) - of thermal loaded FRP are mostly done on the UD ply level
whereby  the composites are considered to  be  homogeneous
[20][31][32][33][34]1[35][36]. For the assessment of cyclic thermal loads the
modelling approaches for mechanical fatigue are transferred [31][37][38][39]. Due to
the homogeneous modelling of the UD ply, thermally induced stresses on the micro
scale cannot be considered. This disadvantage could be overcome by a multiscale
approach as presented in the literature for static thermal loading [40][41][42]. In these
approaches, the damage calculation is based on micro level stresses. Failure of the
composite constituents leads to degradation of the macroscopic UD ply properties.
This way, thermally induced stresses on microscale are considered. Currently, the
application of these approaches is limited to thermal static loading. Additionally, the
calculation of the micro level stresses form the macro level stresses assumes linearity
of the material behaviour whereby not even the temperature dependency of the
material properties can be considered. But the computation time for a fully coupled
multiscale simulation including a top-down and a bottom-up scale transfer to consider
nonlinear effects is quite high. This may be acceptable for a static analysis, but will
not be manageable considering cyclic effects. In summary, for a profound
understanding and reliable simulation of the damage mechanisms in FRP under cyclic
thermal loads, more clearly focused experiments are necessary as well as respective
validated simulation models. This paper presents an experimental and numerical

concept that wants to achieve this.
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2. Leading hypotheses

The central hypothesis of the present research is that intra-ply stresses at the micro
level and inter-ply stresses at the macro level, that are caused by the different thermal
expansion of fibre and matrix, are responsible for damage and fatigue of cyclic
thermal loaded FRP. While in a thermally cycled UD laminate only the first micro
level effect is present, in a MD laminate both effects are superimposed. It is assumed,
that already the intra-ply stresses (micro effect) alone causes significant fatigue
damage, because - this is the assumption - the alternating thermally induced stresses at
the fibre-matrix-interface cause a weakening of this interface. As the intra-ply stresses
are assumed to significantly contribute to fatigue damage, they should be considered
within thermal fatigue calculations. This is not possible, if the composite ply is
modelled as homogeneous medium. On the other hand, computationally intensive
multiscale approaches seem not to be expedient for fatigue assessment of large
structures. That is why a bottom-up-approach is proposed, ref. Figure 2. This
approach assumes the existence of an equivalent mechanical stress state of the UD ply
which leads to the same damage as the thermally induced stresses at micro scale. For
fatigue simulation of a thermally loaded MD composite modelled by homogeneous
single plies, first, the macroscopic thermally induced stresses are calculated for each
UD ply. Then, for each ply, the mechanical stress state corresponding to the damage
caused by the thermally induced stress at micro scale is derived. This could be done
using analytical meta-models created from micromechanical simulations in advance.
This equivalent stress state is superimposed to the macroscopic ply stresses. These
superimposed stress states are then together assessed by a macroscopic fatigue
damage model predicting a degradation of the single ply properties. The equivalent
stress state contains all nonlinearities considered in the micromechanical model and
transfers their macromechanical effects to the macro scale. The existence of such an
equivalent mechanical stress state expects the same fatigue damage mechanisms at
mechanical and at thermal cyclic loads. It is assumed, that the observed differing
crack patterns and crack progression results from the different inner stress state

caused by mechanical and thermal loads. To summarize, the leading hypotheses of the



125

130

135

140

145

150

present study are:

1. Alternating thermally induced stresses at the micro scale cause damage of the
fibre-matrix-interface.

2. The contribution of thermal induced stresses on the micro scale to the
fatigue of FRP under thermal loads is significant.

3. The fatigue damage mechanisms are the same at mechanical and thermal
loading. The differing crack patterns and crack propagation is caused by the
different inner stress state.

4. The thermally induced stress at micro scale can be considered in
macroscopic fatigue damage models by a damage equivalent mechanical

stress state.

For investigating these hypotheses, experimental testing and modelling is required
across the material scales. The considered, separable material scales are depicted in
Figure 1. The smallest scale is the micro scale of the fibre-matrix-level. On this scale
it is looked at two different model sizes. The first is the fibre-matrix-interaction at the
interface. Here, the interface of one single fibre is investigated. The second micro
scale model consist of many fibres for analysing the debonding of additional
interfaces and their coalescence forming matrix cracks in UD composites. The
multiscale approach ends up on the macro scale represented by MD composites.

With respect to the use case of CcH2 pressure vessels [1], the temperature and cycle
range of the study is chosen to be 1000 thermal cycles between room temperature
(293 K) and 90K. This minimum temperature can be realized for specimens using
liquid nitrogen (LN2) as cooling agent and not allowing contact between the LN2 and
the specimen for preventing thermal shock. Realizing the minimal service temperature
of CcH2 pressure vessels of 33.15 K would require the use of helium or hydrogen as
cooling agent which is associated with very high costs or high elaborate safety
precautions, respectively. If matrix cracks are caused by 1000 thermal cycles between
room temperature and 90K, the phenomena could nevertheless be investigated. The
investigated material is a carbon fibre reinforced plastic (CFRP) made of IM7 fibre

and an epoxy resin. The specific experimental setups at the different scales and the
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main idea of the modelling approaches used to get a deeper understanding of the
observed phenomena are described in the next sections starting at the smallest scale.
The authors would like to point out, that the focus of this contribution is on the main
concept for investigating the micro and macro effect in thermally cycled FRP, which
is brought up for discussion. Detailed information about the respective modelling
approaches and detailed simulation or experimental results are subject of already
published [30][56] or planned publications. Nevertheless, for some experiments and
simulations some results are presented in a summarised manner. After discussing the
phenomena and the models of the different scales, the scale transfer approach for the
multiscale analysis is explained in more detail. In the last section of the paper, a
summary of the presented experimental and numerical approach is given, some
expectations of the experimental results a derived and a perspective of the numerical

predictability is given.

3. Micro scale — level of fibre-matrix-interaction

Stresses on the micro level arise between single fibres and the surrounding matrix
material. These could be combinations between shear stresses and radial stresses
normal to the fibre’s surface. As a consequence, thermal cycling may cause de-
cohesion in some area of contacts between fibre and matrix resulting in a weakening
of the interface properties. There are several mechanical tests available to test fibre
reinforced composites: for example a variation of tensile tests (e.g. applying in-plane
or out-of-plane stresses regarding the fibre orientation), shear tests or lap shear tests,
and short beam tests for the determination of the interfacial shear strength (ILSS).
However, all these tests address the complete combination of fibres, matrix and
interfaces between the constituents. Consequently, the results are influenced by a
widely unknown combination of fibre properties (e.g. variation of the local volume
fraction, local fibre orientation), the properties and distribution of the matrix material
(e.g. cracks in the matrix), and the bonding conditions between fibres and the matrix.
Therefore, the integral results of such tests could not be traced back to the interface

properties only. That is the motivation for using “micromechanical” test methods as
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the single fibre pull-out test [10][11], the single fibre push-out test [12] or the single
fibre peel-off test [38]. These tests address the fibre-matrix interface directly. The
load introduced in a single fibre can be precisely controlled. This load is transferred
by shear stresses through the fibre-matrix interface in the surrounding material. Thus,
all phenomena affecting the fibre-matrix bond strength lead directly to an observable
change of the interfacial shear strength. Other known micromechanical test methods
are the micro droplet test [13][14] and the fragmentation test [15][16]. During the
micro droplet test an inhomogeneous stress field along the droplet is introduced and
the interfacial stresses are affected by the droplet geometry. In the fragmentation test,
a soft matrix material is required to reach a saturation of the fragmentation which is
necessary for evaluation. Additionally, the evaluation method requires assumptions
which cannot easily be validated. Due to these shortcomings the pull-out and the peel-
off tests are preferred for measuring the strength of the fibre-matrix-interface after
thermal cycling. The degrading of this interface strength is assumed to be a function
of the number and the intensity of the thermal cycling. For investigating this
degradation, single fibre samples have to be thermally cycled and the pull-out and the
peel-off-test have to be performed afterwards at room temperature. By testing samples
conditioned by different numbers of thermal cycles, the interface properties can be
drawn as function of the number of thermal cycles. Therefore, the samples will be
conditioned in a temperature chamber enabling thermal cycling between room
temperature and 90 K. In the first step, a conditioning with 1000 cycles will be
applied. An increasing of the cycle number is planned until a significant degradation
of the interface properties is observed. The pull-out and peel-off tests will be

performed after conditioning at room temperature.

3.1 Thermal cycling apparatus for single fibre samples

For the well-defined thermal cycling of single fibre samples, a small-scale
temperature chamber has to be developed, ref. Figure 3. It enables a heating/cooling
rate of 2K/s. In order to reach this rate, a closed loop control is used involving an

electrical heater for temperatures above room temperature and a magnetic valve
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releasing small quantities of LN2 for cooling down. In order to ensure a uniform

temperature distribution inside the chamber, an air circulation device is installed.

3.2 Design of Pull-Out-Samples

The conventional design of the pull-out test sample consists basically of a liquid
droplet of resin and a fibre which is embedded with a defined length in this droplet.
After curing, the fibre will be pulled out of the droplet. Usually, the interfacial shear
strength T is estimated by the relation between the maximal pull-out force F,,q, to the
contact area

Fm ax

= 2nRy,

where Ry is the radius of the embedded fibre and [, the embedding length. However,
for investigating the impact of thermal cycling on the contact conditions between fibre
and matrix according to the first hypothesis, the surrounding of the embedded fibre
has to be taken into account and the conventional sample design has to be modified.
To emulate the stress state around a fibre within a real composite material, the single
fibre is embedded between two platelets of UD composite, where the fibre direction
points in the same direction as the single fibre designated for pull-out, as can be seen
in Figure 4. The embedding length should be around 5-10 times of the fibre diameter
(25-50um). The glue in the gap is the same as for impregnating the composite
material. For easier arrangement, the gap is realized as a crack in the composite

material.

3.3 Design of Peel-Off-Samples

As is depicted in Figure 5, with the peel-off test only one side of the tested fibre is
attached to the substrate. Similar to the sample design for the pull-out test, the thermal
expansion of the material surrounding the tested fibre should be as similar as possible
to the expansion of the real composite. Therefore, a polished surface of UD composite

is used, and the tested fibre is aligned in the same direction as the fibres in the
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substrate. A thin layer of resin is used for attaching the testing fibre and the layer is
approximately half as thick as the fibre diameter. For this preparation, spin coating is
used. The advantage of the peel-off test is that there is no significant influence of
friction, since only mode I failure arises. Furthermore, the adhesion work can be
easily obtained by integration of the area between peel force and peel length and the

relation of this amount of energy to the newly created surface.

4. Micro scale — level of the unidirectional composite

The second scale is the level where fibre and matrix are considered explicitly but the
interaction between several interface damages and the matrix crack forming process is
analysed. The investigations at this micro scale are conducted for testing the second
hypotheses and to evaluate the influence of the micro scale effect on the fatigue of
thermally cycled composites. Therefore, the micro scale investigations are carried out

by looking at UD composites.

4.1 Fatigue phenomena in thermally cycled composites at the micro
scale

For investigating the fatigue phenomena in thermally cycled composites, UD
composite specimens are thermally cycled and tested afterwards under quasi-static
mechanical loading at room temperature to obtain the residual elasticity and strength
parameters of the material as function of the number of thermal cycles. The expected
increasing degradation of the material properties is the macroscopically visible effect
of fatigue. The material parameters are determined in longitudinal and transverse fibre
direction under tensile and compression loading. To investigate the crack forming
process the conditioned specimens are investigated using microscopic techniques. It is
expected to observe fibre-matrix-debondings at a certain number of thermal cycles
and matrix cracks with increasing crack density at higher cycle numbers. Further

details about the experimental setup for the thermal cycling, the mechanical testing,
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the microscopic investigation and the strategy result evaluation are already described
by the authors [30]. The results of the experiments are briefly summarized: The
thermal cycling by 1000 cycles between room temperature and 90 K causes no
significant matrix cracking in the UD composite made of the investigated material
(IM7/epoxy). Therefore, no significant degradation of the elasticity and strength
parameters is observed, too. This falsifies the second hypotheses in the range of the
tested cycles, the tested temperature regime and the investigated material. It can be
assumed that a higher number of thermal cycles may initiate matrix cracks. Therefore
additional microscopy specimens are planned for cycling up to 10 000 thermal cycles
using the thermal cycling apparatus for single fibre samples, described above and

shown in Figure 3.

4.2 Micromechanical modelling of fatigue phenomena in FRP

A micro scale modelling of fatigue phenomena at fibre-matrix-level allows a
deeper insight into the damage process and the damage interaction. The simulation
shall also provide a further possibility of comparing the damage mechanism under
mechanical and thermal cyclic loading (ref. hypotheses 4). Hence, by the
micromechanical modelling two objectives are pursued. The first is to get a deeper
understanding of the phenomena on micro scale and the second is to derive an
equivalent mechanical stress state for the thermal cyclic loads which is then be used in
macromechanical fatigue analyses to capture the micro scale effect.

For modelling the micro scale by FEM the representative volume element (RVE)
approach with periodic boundary conditions is used. Building up the RVE requires the
fibre diameter (5.2 um) and the fibre volume fraction (62%) of the UD composite.
First analyses are done using an RVE with hexagonal fibre arrangement, see Figure 6.
Its small size (in contrast to RVE with randomised fibre arrangements) facilitates the
development of appropriate material models and allows a faster computation of cycle-
by-cycle fatigue analyses. Its regular structure also may ease the detection of
differences in the damage initiation and in the damage development for thermal and

mechanical loads. In a second step the developed material models are applied to a
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RVE with a randomized fibre arrangement [44][45] to detect effects that may only
occur in an irregular fibre architecture, see Figure 7. This supports and extends the
findings about the micro scale phenomena obtained from the hexagonal RVE. The
effective macroscopic properties due to micro damage are assumed to be affected less
enough by the fibre arrangement for using the computational more efficient hexagonal
RVE to derivation the equivalent stress state. Therefore, the randomized RVE is used
for the phenomenological investigation but is not used in the multi scale computation.
In conjunction with the hypotheses, fatigue damage under thermal cycling is
modelled based on the thermally induced stresses. As fibres and matrix are modelled
explicitly material models are needed for both constituents. The fibres are assumed to
behave linear elastic and transversal isotropic. The elastic and strength properties of
the investigated IM7 fibre can be taken from [25] and are given in Table 1.
Decreasing failure strains of the neat resin [26] indicate the reduction of plastic effects
with decreasing temperatures. Therefore, the matrix is modelled fully elastic but
nonlinear in the stress-strain-behaviour. The elastic properties and the strengths are
given in Table 2. The nonlinearity in the stress-strain-behaviour can be captured by
the formula
E
E = Tglgls
used by Kastner et. al. [27][28] to model the elastic part of the constitutive behaviour
of polypropylene. Herein, E, is the initial Young’s modulus in the linear regime, E is
the on the strain & dependent effective Young’s modulus and n is the parameter
controlling the grade of nonlinearity. It is obtained by a regression processing using
the test data from uniaxial tests, shown in Figure 8. To capture the difference in the
compression and tension behaviour of the matrix material, an orthotropic formulation
of the stiffness matrix is used. This allows to differentiate between compression and
tension for each strain component and using the corresponding material parameters
for tension or compression, respectively. For modelling failure initiation in the matrix
under quasi-static loading, an invariant based stress failure criterion is used
considering the effect of hydrostatic pressure on material failure [47]. After failure
initiation elastic properties are reduced to approximately zero in order to assess the

damage progression behaviour.
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Figure 9 demonstrates the validity of the material model to predict the UD composite
behaviour for quasi-static mechanical loading in transverse fibre direction at room
temperature. The local stress distribution is exemplarily shown for the hexagonal
RVE loaded under transverse tension in Figure 10. The figures show the distribution
of the equivalent stress by von Mises (Figure 10(a)) and the distribution of the
volumetric stress part (Figure 10(b)). As expected, the highest absolute stress values,
especially for the volumetric stress part, occur at the fibre matrix interface. This is
why the crack initiates at these positions, runs along the interface and then connects
the interface damages forming a crack perpendicular to the loading direction, as
shown in (Figure 10(c)).

For the micromechanical fatigue calculation, a fatigue model for the epoxy is needed
which should consider mean stress effects and variable amplitudes. The Palmgren-
Miner-rule [48][49] is appropriate for modelling damage accumulation and thereby
considering variable loading amplitudes. If fatigue failure occurs for a material point,
its elastic properties are reduced to approximately zero for considering load
redistribution within the composite. The fibre-matrix-interface is assumed to play a
key role in the damage and fatigue of FRP under thermal loads. The results of the
single fibre tests described above will be used to create an interface model. Cohesive
zones or cohesive element approaches already used for interface modelling
[5]1[48][51][52] can be the basis. The novelty will be that the parameters of the
cohesive model can be calibrated by single fibre test results and are not needed to be
determined by reverse engineering using UD composite test data.

The micromechanical fatigue simulation results have to be validated against
experimental data, too. For this purpose fatigue data of cyclically uniaxial loaded UD
laminates are available in the literature [54][55][56] for the investigated composite.
Herein, test data for axial and transverse tension and compression loads and also for
in-plane shear are published and can be used as validation basis for corresponding

simulations.

The RVEs shown in Figure 6 and Figure 7 together with the described material

modelling approaches can be used to predict crack initiation and single crack growth
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phenomena due to thermal cyclic loading as well as the resulting reduction of UD ply
properties (Young's modulus and strength). These can be validated against the results
of the thermo-cycling tests of UD laminates.

In addition to comparing the fatigue damage mechanisms under mechanical and
thermal loads, the micromechanical model is also used to derive the mechanical stress
state which is equivalent to the thermal cyclic loading. The main idea is sketched in
Figure 12. Using the micromechanical model, curves of macroscopic damage against
number of cycles are created for both, thermal and mechanical loading. For a given
thermal load AT and a given number of thermal cycles Ny, the degradation of the
macroscopic material parameters of the UD laminate is determined. The equivalent
mechanical stress state is this specific stress state o which causes the same

macroscopic damage at the same number of cycles (Npecn = Nin)-

5. Macro scale — level of the cross-ply laminate

The macro scale looks at MD composites built up of several UD plies of different
fibre orientation. In these composites, the micro and the macro effect are

superimposed.

5.1 Fatigue phenomena in thermally cycled composites at the macro
scale

Cross-ply laminates [(0/90),]s are thermally cycled, mechanically tested and
investigated by microscopy in the same manner as the UD specimens described in the
previous section. The experimental results for the cross-ply laminates published in
[30] are summarized in the following: Matrix cracks initiate between 500 and 1000
thermal cycles in both 90° and 0° plies in the middle plies and in the outermost plies
of the cross-ply laminate. The observed matrix crack density is too small to cause a
significant reduction of the laminate’s stiffness and strength. Nevertheless, these
results support the assumption that the superposition of alternating thermally induced

stresses on both, micro and macro scale is more severe regarding the fatigue of FRP at
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cycling thermal loads than the micro scale effect acting alone. The results of the
thermal cyclic experiments shall be used for validating the equivalent stress state

approach in conjunction with the macromechanical fatigue modelling.

5.2 Macromechanical modelling of fatigue phenomena in FRP

Also for the fatigue modelling of MD laminates, FEM is used. For being able to
capture the macromechanical effect, all single plies have to be modelled explicitly and
the material modelling has to be done at the UD ply level. Again, the fatigue damage
due to thermal cycling is assessed based on the thermally induced stresses. For
modelling fatigue damage in UD composites an extended version [56] of the
progressive fatigue damage model by Shokrieh and Lessard [57][58] is suggested.
This model can capture the mean stress effect and the gradual degradation of stiffness
and strength with increasing number of cycles. In [56] the good prediction capability
of the model for mechanical fatigue loads at different isothermal conditions is shown.
Due to the homogenisation of UD plies, the macromechanical modelling is not
applicable to calculate the crack density observed in thermally cycled MD laminates.
Arteiro et. al. [53] describe a RVE approach for investigating micro cracking under
monotonic mechanical loads in UD plies which are embedded within MD laminates.
The RVE consists of a single ply, which is micromechanically modelled, and adjacent
plies considered as homogenous UD composites (ref. Figure 11). The same idea can
be used to numerically investigate micro crack development in a single UD ply
embedded within a thermally cycled MD laminate. The results regarding crack
initiation, crack pattern and crack density can be validated against the micro cracking
experimentally observed. For the micromechanically modelled ply the material
models of fibre and matrix are needed. For the homogenously modelled plies of the
remaining laminate, the macromechanical material modelling approach for UD
composites can be used. One approach to consider the micro effect for these plies

could be the scale transfer concept described in the next section.

6. Scale transfer by equivalent stress approach
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In the case of thermal cyclic loading, for considering the thermally induced stresses at
micro scale in spite of a macro scale modelling, the bottom-up approach sketched in
Figure 2 in conjunction with the equivalent mechanical stress state described in the
micro scale section is proposed. The framework in Figure 13 shows how the
equivalent stress state connects the micro- and macromechanical modelling and how
the information about the micro damage is passed into the macromechanical
simulation. The micromechanical simulation is not performed simultaneously with the
macromechanical simulation but is a pre-processing calculation step. Considering the
constituents’ material properties and the morphologic information, the hexagonal
RVE is build up. With this RVE and using the described constituent (fibre, matrix,
interface) material models, cyclic fatigue simulations for different numbers of cycles,
each followed by quasi-static mechanical analyses, are run for different mechanical
and thermal load levels. The cyclic simulations provide the micro damage due to a
specific load and a specific number of cycles. In the followed quasi-static analysis,
uniaxial mechanical loading is applied along and transverse to the fibre direction in
tension and compression, and in shear as well, to obtain the residual composite
properties (modulus and strength) after the cyclic loading. This step is the connection
between the micro damage (matrix crack at micro level) and macro damage (property
degradation of UD composite). It can be seen as translation of the micro damage into
a macroscopic damage value which can be handled by the macromechanical model.
For that, the micromechanical simulation results are used to construct the macro
damage versus number of cycles diagrams (Figure 12) for the different thermal and
mechanical load levels. From these diagrams, an analytical relationship between
cyclic thermal loading and mechanical loading, both leading to the same macroscopic
damage at the same number of cycles, is derived. The mechanical loading is called the
equivalent mechanical stress state corresponding to a specific cyclic thermal load.
After the derivation of this analytical relationship, the macromechanical simulation of
thermo-mechanical loaded composites can be performed. To build up the
macromechanical FE model, the UD ply properties, the geometry, the layup and the
boundary conditions are needed. Also the mechanical and thermal loads, for which the
fatigue calculation shall be performed, are applied. At each load increment of the

macromechanical computation loop, the UD ply stresses due to the applied external
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loads are calculated using the UD ply based macromechanical material model.
Without considering the micro effect, after each load cycle, these macro stresses
would alone be assessed by the presented UD ply based macromechanical fatigue
damage model. For considering the micro effect, after each load cycle, the equivalent
stress state for the given cyclic thermal load is calculated form the analytical
relationship created by the micromechanical pre-processing. This equivalent stress
state is added to the macro stresses and together they are assessed by the
macromechanical fatigue damage model. If the damage model predicts static or
fatigue failure, the ply properties are degraded and the next increment and load cycle
is calculated using these new properties.

As the equivalent stress state is obtained by an analytical formula during the
macromechanical simulation, the computation time is not higher than for a
macromechanical simulation without considering the micro effect. This makes the
calculation of large structures possible. It could be argued that the computational
effort is shifted to the micromechanical pre-processing. But this has to be done only
once for a chosen material system and can be limited to thermal loads which are
relevant to the application of interest. Once the analytical relationship for the
equivalent stress state is created, any number of large structure simulations can be
performed without additional calculation time due to considering thermal micro
effects. Nevertheless, the described approach has to be evaluated and validated. This
can be done by comparing the simulation results with the results of thermal cycling

tests of MD laminates.

7. Summary and outlook of experimental and numerical
approach

This paper presents an experimental and numerical approach for investigating
thermally cycled FRP which contributes to the understanding of the damage
mechanisms and increase the predictability of the fatigue damage at thermal loading
conditions. This includes clearly focused experiments at the different material scales
for separating the different effects acting at these scales. In parallel, numerical models

are proposed for each scale based on the experimental findings. The models also
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complement the knowledge gained from experiments and create a basis for a
numerical prediction capacity.

The central hypothesis leading the test and model design is that different thermal
expansions of fibre and matrix lead to intra-ply stresses at the micro level and inter-
ply stresses at the macro level. They are responsible for damage and fatigue of cyclic
thermal loaded FRP. Tests of the presented research have shown that the interaction
of stresses at both levels (e.g. in cross-ply laminates) leads to more severe damage
than the inter-ply stresses (e.g. in UD laminates) acting alone. A further hypothesis is
the weakening of the fibre-matrix-interface due to thermal cycling. To proof this
hypothesis, experimental studies based on the already existing single fibre pull-out
and peel-off devices are suggested. A new sample design is proposed to emulate the
stress state around a fibre within a thermal loaded real composite material in these
tests. It is expected that the interfacial shear strength obtained from pull-out test
decrease with the number of cycles. As for peel-off the contact length is much larger
then with the pull-out samples (some millimetres instead of few dozens of
micrometres), potentially thermally induced phenomena may lead to a faster
degradation with a lower number of thermal cycles. From single fibre peel-off tests,
the energy required for fibre-matrix separation is obtained. This energy as a function
of cycling numbers can be compared with the function of the interface shear strength

values from the pull-out tests.

Numerical modelling accompanies the test campaign, because simulations support the
explanation of phenomena observed in experiments. In the presented research, it is
proposed to use micromechanical fatigue modelling based on RVE approach to
explain the differing experimentally observed crack propagation in FRP obtained for
mechanical and thermal fatigue loading. This proposal is based on the assumption that
these differences result from the different inner stress states caused by mechanical and
thermal loads. These stress states can be analysed by the micromechanical
computations using material models for fibre and matrix taking into account material
nonlinearity, damage at monotonic loading and fatigue damage behaviour at different
mean stresses and temperatures. The single fibre experiments offer the opportunity to

calibrate interface models by test data at micro level avoiding a calibration by reverse
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engineering using macroscopic UD ply test data. Thanks to the comprehensive test
program the obtained interface parameters can be defined dependent on the number of
thermal cycles and the weakening of the interface due to thermal cycling can be
captured in the micromechanical model. Comparing the simulation results for thermal
and mechanical loading the differing experimentally observed crack patterns can be
explained. By homogenisation, also the impact on the effective composite properties
can be compared for both loading types. From this, an equivalent mechanical stress,
leading at the same cycle number to the same macroscopic damage as a specific
thermal load, can be derived. This way, the on micro scale induced thermal stresses
are, together with the impact of other considered nonlinearities, incorporated in the
equivalent mechanical stress and can be transferred to the macro scale (bottom-up).
This can be done by analytical expressions relating the given thermal fatigue load to
the equivalent mechanical stress. Then, during the macromechanical fatigue analysis,
the equivalent mechanical stress can easily be computed and be assessed by the
proposed macroscopic progressive fatigue damage model. This way a simulation
method will be available considering the micro effect of thermal cycling even in
homogenous modelled UD composites and which also captures nonlinearities. After
an evaluation and validation of this method, it can be used for comparing simulation
results with and without considering the micro effects providing a possibility to
analyse the relevance of the micro effect for fatigue of FRP at thermal cyclic loads.

This analysis cannot be done experimentally.
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CcH2  cryo-compressed hydrogen



530 CFRP carbon fibre reinforced plastics
FEM finite element method
FRP fibre reinforced plastics
LN2  liquid nitrogen
MD multidirectional
535 RVE  representative volume element

UD unidirectional

Formula symbols

E Young’s modulus
E, [nitial Young’s modulus

540 Fmax  aximal pull-out force

le embedding length
N Number of cycles
Nep Number of thermal cycles

Npecnn  Number of mechanical cycles
545 R¢ fibre radius
£ strain
Nonlinearity parameter
o stress

T shear strength

550 Data availability

The raw/processed data required to reproduce these findings cannot be shared at this
time as the data also forms part of an ongoing study.
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Figure 4 Sketch of a single fibre pull-out sample embedded between platelets of
UD composite material
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Figure 5 Sketch of a single fibre peel-oft sample: a single fibre is glued on the top
side of a UD composite material
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Figure 6 Representative volume element with hexagonal fibre arrangement with
carbon fibres (dark grey) and epoxy resin (light grey)



740 Figure 7 Representative volume element with randomised fibre arrangement with
carbon fibres (dark grey) and epoxy resin (light grey)
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Figure 9 Comparison of micromechanical prediction of the mechanical UD
composite behaviour at room temperature and experimental results for (a)
transverse tension, (b) transverse compression
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(a) von Mises stresses [MPa] (b) hydrostatic stresses [MPa] (c) matrix crack

Figure 10 Local stress state in UD composite under transverse tension: (a) equivalent
760 von Mises stresses, (b) hydrostatic stresses (positive — tension, negative —
compression) and (c) the matrix cracked formed (damage areas are coloured black);

-
“
765 Figure 11 Adoption of RVE approach by Arteiro et. al. [53]: RVE consisting of a

micromechanically modelled ply of interest and homogenously modelled plies of the
remaining laminate
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Table 1 Elastic and strength properties of IM7 fibre

Ei E» Es; G, Gi3 G Vi2 Vi2 Va3 Xy X
[GPa] [GPa] [GPa] [GPa] [GPa] [GPa] [-] [-] [-] [GPa] [GPa]
276 19 19 27 27 7 0.2 0.2 0. 357 5.18 32

Table 2 Elastic and strength properties of epoxy resin

E G v Xl Xc
[MPa] [MPa] [-] [MPa] [MPa]
3110 1114 0.395 82 262




